activity showed a restoration to normal levels after rivaroxaban and methylprednisolone administration. Conclusions: Rivaroxaban showed a therapeutic effect in the TNBS model of experimental colitis, and it seemed to be at least as effective as methylprednisolone. This effect may be brought about by the inhibition of oxidative stress and metalloproteinase activity associated with tissue injury and remodeling.
Introduction
Inflammatory bowel disease (IBD) is a group of inflammatory conditions of the colon and small intestine. Crohn's disease and ulcerative colitis (UC) are the principal types of IBD [1] . The contribution of genetic predisposition and immune dysregulation to IBD pathogenesis has been well established [1] . On the other hand, clinical experience and bench research have clearly demonstrated an intimate link between inflammation and coagulation in IBD [2] . Various inflammatory mediators and the signaling pathways that they activate induce a hypercoagulable state and initiate clotting, by reducing the activity of natural anticoagulant pathways and impairing the fibrinolytic system. There is also emerging evidence that cells and molecules classically implicated in the physiological process of coagulation exert an influence on the inflammatory response [3] . In other words, the interaction between inflammation and coagulation seems to be bidirectional.
The identification of the proteinase-activated receptors (PARs), a novel family of transmembrane receptors, was an important step in the understanding of the pathogenesis of several tissue fibrosis and remodeling disorders in which activation of the coagulation cascade was observed. When stimulated, PARs couple to various G proteins and activate signal transduction pathways, resulting in the rapid transcription of genes that are involved in inflammation. To date, four PARs (PAR-1-4) have been identified, with distinct N-terminal cleavage sites and tethered ligand pharmacology. PAR-2 is expressed throughout the gastrointestinal tract on several cell types involved in immune responses and inflammation, the regulation of endothelial-leukocyte interactions and the modulation of the secretion of inflammatory mediators [4] . In an experimental model, activation of PAR-2 in the mouse colon induced inflammation and disruption of the integrity of the intestinal barrier [5] .
Factor Xa, besides possessing properties for blood coagulation, induces intracellular signaling via the proteolytic cleavage of PAR-1 and PAR-2 [6] . Interestingly, factor Xa triggers signaling pathways involved in the regulation of cell growth and extracellular matrix deposition: it stimulates the proliferation of fibroblasts and smoothmuscle cells and induces the expression of interleukin 6, interleukin 8, monocyte chemotactic protein and transforming growth-factor β (TGF-β 1 ) [7] [8] [9] . The aim of this study was to assess the ability of rivaroxaban, a direct factor Xa inhibitor, to reduce the severity of colitis in an animal model, and to evaluate its possible mechanism of action.
Materials and Methods

Animals
Twenty-four female Wistar rats, weighing 200-250 g, were kept at a constant temperature (22 ° C) and humidity with 12-hour dark/ light cycles and allowed standard laboratory animal chow and water ad libitum throughout the experimental period.
Induction of Colitis and Experimental Groups
Trinitrobenzene sulfonic acid (TNBS), used previously in several studies to induce experimental colitis [10, 11] , was also used in this study to induce colitis in rats, based on the procedure described by Morris et al. [10] . Briefly, rats that had fasted for 24 h were anesthetized with ketamine hydrochloride and then had an 8-french polyethylene catheter inserted rectally up to the splenic flexure (8 cm from the anus). Next, 30 mg of TNBS (Sigma, France), dissolved in a volume of 0.15 ml of ethanol 50%, was administered through the catheter. The TNBS was retained in the colon for 1 min, after which the fluid was withdrawn. Control animals received only vehicle (0.9% saline).
The rats were randomly divided into 4 groups with 6 in each. Group 1 received TNBS + rivaroxaban (n = 6), group 2 received TNBS + methylprednisolone, group 3 received TNBS and group 4 received a saline enema. Rivaroxaban tablets (10 mg) were dissolved in 20 ml of distilled water and the solution was administered via oral gavage at a dose of 3 mg/kg. Methylprednisolone tablets (8 mg) were dissolved in 20 ml of distilled water and the solution was administered via oral gavage at a dose of 2 mg/kg. These 2 drugs were started in the relevant groups after the induction of colitis and were continued once daily until the end of the study on day 7.
The rats were killed 7 days after the induction of colitis, and the distal 8 cm of the colon was excised and then opened by longitudinal incision. Tissue samples were prepared for histopathological examination and the remaining mucosa was immediately snapfrozen in liquid nitrogen and stored at -80 ° C for the determination of the activities of superoxide dismutase (SOD), myeloperoxidase (MPO), matrix metalloproteinase-3 (MMP-3), tissue inhibitor of metalloproteinases-1 (TIMP-1) and the levels of malonyldialdehyde (MDA) and TGF-β 1 .
The study protocol was approved by the Gazi University Ethics Committee.
Assessment of Colitis
Morphological examination was performed by an experienced pathologist (O.E.) unaware of the experimental details. The macroscopic appearance of the colonic mucosa was scored on a scale adapted from Morris et al. [10] : 0 = no macroscopic change, 1 = mucosal erythema alone, 2 = mild mucosal edema, slight bleeding or small erosions, 3 = moderate edema, bleeding ulcers or erosions and 4 = severe ulceration/erosions, edema and tissue necrosis. For the microscopic examination, tissue samples were fixed in phosphate-buffered formaldehyde and embedded in paraffin, and routine 5-μm sections were prepared. Tissues were routinely stained with hematoxylin and eosin and evaluated with light microscopy. The microscopic appearance of the colonic mucosa was scored on a scale adapted from Ackerman et al. [12] : depth of necrosis: 0 = none, 1 = mucosal, 2 = mucosal and submucosal, 3 = mucosal, submucosal and muscularis propria and 4 = full thickness; extent of necrosis: 0 = none, 1 = a small area, 2 = a moderate area, 3 = a large area and 4 = extensive; inflammation: 0 = none, 1 = minimal, 2 = mild, 3 = moderate and 4 = severe; extent of inflammation: 0 = none, 1 = mucosal, 2 = mucosal and submucosal, 3 = mucosal, submucosal and muscularis propria and 4 = the full thickness.
The scores for each category examined were calculated for each specimen in the different groups. These were then added to obtain the total score, which was then divided by the number of rats' colons examined in each group to obtain the average histological score of induced colitis for the group.
Assessment of Tissue Biomarkers
The sample tissues were homogenized (50 g/l) in 50 mmol/l of ice-cold potassium phosphate buffer (pH 6.0) containing 0.5% of hexadecyltrimethylammonium bromide. The homogenate was frozen and thawed 3 times, then centrifuged at 15,000 rpm for 15 min at 4 ° C. The MPO activity in the supernatant was measured with an assay kit (Eastbiopharm, China) according to the provider's instructions and using the O-dianisidine method described by Xia et al. [13] . The MDA level and SOD activities in the supernatant were measured likewise. TGF-β 1 levels and TIMP-1 and MMP-3 activites (Eastbiopharm) were assessed with the ELISA technique according to its provider's instructions.
Statistical Analysis
All statistical analyses were performed with SPSS version 11.5 for Windows (Chicago, Ill., USA). Normality was assessed using the Shapiro-Wilks test. Accordingly, data were expressed as a median (min-max). A comparison between the groups was performed using the Kruskal-Wallis nonparametric test or one-way ANOVA. The correlation of tissue biomarkers with each other and with the histological scores was assessed using Spearman rank correlation. A two-sided p value ≤ 0.05 was considered statistically significant.
Results
There was no mortality of animals with colitis (groups 1-3). The TNBS-treated animals (groups 1-3) exhibited a severe macroscopic inflammation of the colon 7 days after rectal administration, assessed from the colonic damage score. Treatment with rivaroxaban (group 1) and methylprednisolone (group 2) similarly and significantly decreased the severity of macroscopic damage ( table 1 ) . The microscopic features of the colon from the sham-treated rats (group 4) were typical of a normal structure. The inflamed colon of the rats with TNBS-induced colitis (groups 1-3) showed evidence of mucosal edema, crypt distortion, thickening of the colon wall, necrosis and a high level of leukocyte and polymorphonuclear infiltration ( fig. 1 ). Treatment with rivaroxaban and methylprednisolone significantly decreased the severity of microscopic damage and rivaroxaban was more effective than methylprednisolone in terms of microscopic mucosal healing ( table 1 ; fig. 1 , 2 ) . Table 1 . Effect of treatment with rivaroxaban on macroscopic and microscopic pathological scores for the colonic tissue from rats with TNBS-induced colitis ( table 2 ; fig. 2 ). Rivaroxaban attenuated the accumulation of MDA and TGF-β 1 and the activities of MMP-3 and TIMP-1, but methylprednisolone could only reduce the accumulation of MDA and TGF-β 1 ( table 1 ; fig. 2 ). Rivaroxaban was more effective than methylprednisolone at decreasing the accumulation of TGF-β 1 in the rat colonic tissues. Compared to the controls, SOD activity was significantly decreased in the colonic tissue of rats exposed to TNBS, with a restoration to normal levels after methylprednisolone. In the rivaroxaban group, SOD activity was even higher than in the control group and in the methylprednisolone-treated rats ( table 2 ; fig. 2 ).
Histopatological scores showed a significant positive correlation with the measurements of the MPO, MMP-3, TIMP-1 activities and the MDA and TGF-β 1 levels. The microscopic scores had a significant negative correlation with SOD activity ( table 3 ) .
Discussion
In our model of experimental colitis, treatment with rivaroxaban attenuated damage to the colon, as verified by our macroscopic and histological findings. Rivaroxaban was found to be better than methylprednisolone in terms of histological improvement.
The influence of hemostasis on inflammation is supported by numerous reports that describe how the different components of coagulation-anticoagulation pathways can regulate inflammation by exerting an influence on the endothelial cells, platelets and/or leukocytes [2] . Considering the cross-talk between coagulation and inflammation, it seems reasonable to hypothesize that anti-coagulants or coagulation-related drugs can affect inflammation and so could be considered for the treatment of IBD.
The influence of anticoagulant strategies on the severity of gut inflammation has been examined previously in animal models of IBD. For example, the thrombin-directed drugs, heparin and argatroban, have significantly reduced macroscopic and histological damage, mucosal MPO activity and mucosal leukotriene B 4 levels (as a proinflammatory mediator) in rats with TNBS-induced colitis [14, 15] . Similar protection against gut inflammation has been demonstrated following intracolonic administration of the low-molecular-weight heparin, CB-01-05, in rats with dinitrobenzene-induced colitis [16] . Data from animal studies and reports suggesting an improvement in UC symptoms while on anticoagulant therapy led to randomized controlled studies of heparin and lowmolecular-weight heparin in active UC. Although the outcome of most clinical trials does not support the use [16] showed a statistically significant benefit with low-molecular-weight heparin versus placebo in achieving clinical remission and improvement, endoscopic improvement and reduced rectal bleeding, when administered in the form of extended-release colon tablets [17] [18] [19] .
There is strong evidence that factor Xa is more than a passive intermediate in the coagulation cascade, and that it might orchestrate fundamental processes during tissue remodeling and fibrosis due to its pleiotropic cellular effects [20] . Factor Xa is well-known to elicit an inflammatory response that occurs mainly via PAR-2 activation [7] [8] [9] . PAR-2 has been identified as a potentially crucial receptor for the pathogenesis of IBD and for sustaining fibrosis in Crohn's disease. PAR-2 inhibition seems amenable to pharmacological intervention [21] . The inhibiton of factor Xa, as a PAR-2 agonist, seems to be an attractive therapeutic strategy in IBD, as it has specifically been shown to be beneficial in animal models of chronic inflammatory disorders and fibrotic disease [21, 22] .
Among the novel, direct, oral factor Xa inhibitors developed in recent years, rivaroxaban was the first to gain regulatory approval for clinical use (in 2008) [23] . It effectively prolongs prothrombin time, inhibits thrombin generation and reduces both collagen-and tissue factorinduced endogenous thrombin potential [23] . To shed light on the mechanisms responsible for the possible beneficial effects of rivaroxaban, we undertook the measurement of several tissue biomarkers. MPO is the most abundant proinflammatory enzyme stored in the azurophilic granules of neutrophilic granulocytes, accounting for approximately 5% of their dry mass, and it is widely used to quantify neutrophil accumulation in tissues [24] . Lipid peroxidation, a type of oxidative degeneration of polyunsaturated fatty acids, is linked with altered membrane structure and decreased activity of antioxidant enzymes. Increased lipid peroxidation by-products in the colorectal biopsy specimens of patients with UC have been reported [25] . We measured MDA, an end-product of lipid peroxidation, as an indicator of this pathological process [26] . Animal models of IBD provide compelling evidence for the fundamental role of TGF-β 1 in triggering and sustaining intestinal fibrogenesis [27] . MMPs (including MMP-3 and TIMP-1), that are involved in the remodeling and degradation of the ECM, were shown to be increased in inflamed colons of IBD patients compared with noninflamed tissue samples [28] . Lastly, SOD was included in our group of tissue biomarkers because it converts the superoxide anion into hydrogen peroxide, and is considered a primary defense against oxidative stress which has a role in mediating intestinal damage in IBD [29, 30] .
We observed a significant correlation between the histopathological scores and all of the tissue biomarkers mentioned above in our experimental model of rat colitis ( table 3 ). The finding that rivaroxaban prevented an increase in MPO, MMP-3 and TIMP-1 activities and the accumulation of MDA and TGF-β 1 supports the concept of an inhibition of inflammatory response, oxidative stress and tissue remodeling as rivaroxaban's contribution to the attenuation of macroscopic and microscpoic colonic damage. The restoration of SOD activity to the normal levels (even higher than normal) following treatment with rivaroxaban is also consistent with its antioxidant potential. Steroids did not have a similar effect to rivaroxaban on MMPs, so rivaroxaban may indeed be more beneficial with respect to the remodeling and fibrosis-related complications of IBD, e.g. stricture.
Conclusion
This study showed that treatment with rivaroxaban attenuates the outcome of TNBS-induced colitis, resulting in a significant histological improvement, reducing oxidative stress and cytokine production and impairing the inflammatory response. Rivaroxaban seems to be at least as effective as steroids. Pharmacological modification of rivaroxaban to obtain an enhanced efficacy in the targeting gastrointestinal lesions and to exert a weaker systemic antithrombotic effect may allow this drug to be used in the treatment of IBD in the future.
